ABSTRACT In this paper, the compact balanced filtering power dividers using four coupled H-shape resonators and two resistors are proposed. The theoretic coupling topologies of the proposed designs are given and analyzed. Meanwhile, the phase feature of the filtering structure formed by the electric or magnetic coupling is studied. The main advantages are compact size, both in-phase and out-of-phase output, wideband isolation, and wideband out-of-band suppression when compared with the reported designs. For demonstration, one in-phase prototype with the size of 0.36 λ g × 0.22 λ g and one out-of-phase prototype with the size of 0.34 λ g × 0.22 λ g are fabricated and measured (λ g is the guided wavelength at the center frequency). The in-phase (out-of-phase) design exhibits the insertion loss of 2.2 dB (2 dB) at the center frequency, the 3-dB bandwidth of 6.6% (7.4%), the 20-dB stopband of 2.7f 0 (2.3f 0 ), and the 15-dB isolation band of 4.9f 0 (4.74f 0 ).
I. INTRODUCTION
Balanced power divider has obtained much attention of researchers and engineers due to the differential-mode power dividing and high immunity to noise and electromagnetic interference in microwave systems. At the beginning, the balanced power divider is realized by using shielded broadsidecoupled striplines in 2008 [1] . Then, to enhance the isolation between the output ports, the balanced power dividers are achieved using half-wavelength transmission lines [2] or halfmode substrate integrated waveguides [3] with additional resistors. To enhance the bandwidth and reduce the circuit size, double-sided parallel-strip lines [4] or back-to-back microstrip lines [5] are utilized to construct the balanced power dividers. Also, both in-phase and out-of-phase output of balanced power dividers are achieved using coupled lines [6] or Marchand balun/180 • phase shifting network [7] .
On the other hand, power dividers with filtering function become more and more popular for the advantages of multi-functions by one component. Most of the reported filtering power dividers are single-ended, which are achieved by combining filter and power divider together [8] - [9] at the beginning. After that, to enhance the integration level, filtering structures are utilized to replace the quarter-wavelength transmission lines of the power divider [10] - [14] . To enhance the frequency selectivity, some filtering power dividers with transmission zeros are reported by adding stubs [15] - [16] . To enhance the bandwidth, multi-mode resonators are introduced to construct the filtering power dividers [17] - [18] .
To achieve the advantages of both balanced circuit and filtering power divider, balanced or balanced-to-singleended filtering power dividers were studied. The filtering function in balanced-to-single-ended power divider is mainly achieved by replacing the quarter-wavelength microstrip lines of the typical balanced-to-single-ended power divider [19] using T-junction structures [20] , coupled ring resonators [21] , or coupled lines [22] . The design of balanced filtering power divider is different from that of the balanced-to-single-ended one because of their different topology, port type and isolation circuit. At the beginning, the balanced filtering power dividers realized differentialmode power dividing by using coupled lines [23] , substrate integrated waveguide [24] , and right/left-handed transmission lines [25] , but the isolation between the output ports are not considered. To solve the isolation problem, two balanced filtering power dividers [26] - [27] are reported by using coupled one-wavelength resonator [26] or coupled-fed halfwavelength resonators [27] with additional isolation circuits, which exhibit in-phase [26] or out-of-phase output [27] , respectively.
In this paper, novel balanced filtering power dividers are proposed by using four H-shape resonators formed in ring-type coupling topology and the phase feature of the filtering structure formed by the electric or magnetic coupling. In this approach, the basic functions of differentialmode power dividing, filtering response, isolation, and common-mode suppression can be successfully achieved. Meanwhile, the advantages of compact size, both in-phase and out-of-phase output, wideband isolation and wideband out-of-band suppression can be obtained when compared with the reported designs. The differential-mode ring-type coupling topology, the resonator, and the phase feature of the filtering structure formed by the electric or magnetic coupling are analyzed to clear the operation principle. Detailed design procedure is summarized to guide the practical design. Two prototypes with in-phase and out-of-phase output are fabricated and compared with the state-of-art designs.
II. PROPOSED BALANCED FILTERING POWER DIVIDERS

A. CONFIGURATIONS OF THE PROPPOSED BALANCED FILTERING POWER DIVIDERS
The proposed balanced filtering power dividers can achieve in-phase and out-of-phase output, whose configurations are shown in Figs. 1 and 2 , respectively. They are both composed of two resonators on the top layer, a slotted ground on the middle layer, two resonators with two resistors on the bottom layer, and three pairs of balanced ports. All the resonators are H-shape resonators, and are modified to satisfy different coupling requirements. These two designs are both fabricated on double-layer RO4003C substrates with a dielectric constant of 3.38, a loss tangent of 0.0027, and the thickness of h 1 = 0.508 mm, h 2 = 0.608 mm. The main difference between the structures of the in-phase and out-of-phase balanced filtering power dividers is that the coupling position between the resonators as well as the shape of the resonators on the top layer. analysis can be utilized. Fig. 3(b) shows the odd-mode equivalent circuit of the H-shape resonator. The odd-mode input admittance (Y ino ) can be deduced as
B. H-SHAPE RESONATOR IN THE PROPOSED BALANCED FILTERING POWER DIVIDERS
Thus, the resonant condition for the first odd mode can be written as 
The resonant condition for the first even mode can be expressed as
It can be seen from equations (2) and (4) that the first evenmode resonant frequency is 2.5 times of the first odd-mode one, which is very useful to obtain wideband common-mode suppression for the balanced design.
C. DIFFERENTIAL-AND COMMON-MODE ANALYSIS
The proposed balanced filtering power dividers in Figs. 1 and 2 are both symmetric along the symmetrical line. Thus, they can be analyzed under differential-and commonmode operation.
For the in-phase design in Fig. 1 , under differential-mode operation, the couplings between resonators 1 and 2, resonators 1 and 3, and resonators 3 and 4 are achieved at the positions with strong electric field, which are electric coupling. The coupling between resonators 2 and 4 is obtained at the position with weak electric field but strong magnetic field, which is magnetic coupling. Therefore, the differential-mode coupling topology for the in-phase design can be expressed as shown in Fig. 4(a) . Here, each node represents the resonator at its first odd mode, and the solid and dashed lines between the nodes indicate the electric coupling and magnetic coupling, respectively.
Similarly, the differential-mode coupling topology for the out-of-phase design in Fig. 2 can be achieved as shown in Fig. 4(b) . In Fig. 4 , M ij represents the coupling coefficients between resonators i and j (i, j = 1, 1', 2, 2', 3, 3', 4 and 4'), Q e and Q e ' are the external quality factors for the in-phase and out-of-phase designs, respectively. The main difference between the two coupling topologies is that M 12 and M 24 are opposite to M 1'2' and M 2'4' , respectively.
The differential-mode coupling topologies in Fig. 4 should achieve the functions of the proposed balanced filtering power divider such as equal power division, in-phase (outof-phase) output, impedance matching and isolation. 
). Meanwhile, in order to fit the second-order Chebyshev filtering response of the differential-mode coupling topologies in Fig. 4 , the external quality factor, the magnitude of the coupling coefficients and the phase of the filtering structure should meet the following equations when combined with above requirements [28] Q e = Q e = g 0 g 1 (5a) where g-values and in equations (5a)-(5c) denote the lumped circuit element values of the low-pass prototype filter and fractional bandwidth, respectively. Under common-mode operation, the first operation mode of the H-shape resonator is 2.5 times of the first mode under differential-mode operation as discussed VOLUME 6, 2018 in Part B. Therefore, the common-mode signals will be suppressed near the first differential-mode operation band. 
D. PARAMETER EXTRACTION
According to equations (5a), (5b), and (5c), the theoretic external quality factor and the magnitude of the coupling coefficients can be achieved by the g-values and , where the g-values can be achieved by the ripple level of the prototype filter. For parameter extraction, the following equations can be used [28] Q e = Q e = f 0 δf 3−dB (6a)
where f 0 represents the center frequency, δf 3−dB represents 3-dB bandwidth, f p1 and f p2 represent the lower and higher resonant frequencies, respectively. On the other hand, according to equations (5d) and (5e), ϕ ij should be close to 90 • or −90 • , otherwise the impedance matching and the isolation will become poor. Therefore, the effect of different dimensions on the phase also should be studied.
To study the variation of phase and coupling coefficient, the filtering structure can be divided into two types, electric coupling filtering structure and magnetic coupling filtering structure, while the external Q-factor is controlled by the tap position, which is common to the conventional filter design.
Figs. 5 and 6 exhibit the variations of the simulated phase and coupling coefficient for the electric coupling and magnetic coupling filtering structures, respectively. It can be seen from Figs. 5(a) that the phase of the co-layer electric coupling filtering structure increases with g e , while the coupling coefficient decreases with g e . Fig. 5(b) shows that the phase and the coupling coefficient of the co-layer electric coupling filtering structure both increase with l e . Figs. 5(c) and 5(d) exhibit that the phase of the different-layer electric coupling filtering structure decreases with l se and w se , while the coupling coefficient increases with l se and w se , respectively.
Figs. 6(a) indicates that the phase and coupling coefficient of the co-layer magnetic coupling filtering structure both increase with decreasing g m . Fig. 6(b) shows that the phase and coupling coefficient of the co-layer magnetic coupling filtering structure both increase when increasing l m . Figs. 6(c) and 6(d) exhibit that the phase and coupling coefficient of the different-layer magnetic coupling filtering structure both increase with l sm and w sm . Therefore, according to the variety laws in Figs. 5 and 6, these dimensions (g e , l e , l se , w se , g m , l m , l sm , and w sm ) can be tuned to meet the required phase and coupling coefficient.
E. DESIGN PROCEDURE
For the balanced filtering power divider with in-phase or outof-phase output, the design procedure is summarized as: 1) Set the targets of the center frequency (f 0 ) and the fractional bandwidth ( ).
2) Get the physical length of the resonators according to equation (2) and f 0 .
3) The tap position d can be determined to meet the required external Q-factor according to equations 5(a) and (6a), , and variety laws.
4) Different combinations of g e and l e , l se and w se , g m and l m , or l sm and w sm can be achieved to meet the required coupling coefficient according to equations (5b), (5c), and (6b), and the variety laws in Figs. 5 and 6.
5) Chose one combination of g e and l e , l se and w se , g m and l m , or l sm and w sm to meet the theoretic phase and coupling coefficient simultaneously.
6) R is selected as 50 and d R can be tuned for good isolation.
III. RESULTS
For demonstration, the balanced filtering power divider prototype with in-phase or out-of-phase output is designed with f 0 = 1.84 GHz and = 3.5% (10-dB matching bandwidth). A second-order Chebyshev bandpass prototype filter with 0.04 dB passband ripple is chosen, whose element values are g 0 = 1, g 1 = 0.66, g 2 = 0.54, and g 3 = 1.22. According to the design procedure in Section II, the final dimensions and parameters are shown as follows: for the in-phase design in Fig. 1, l 1 = 19 .5 mm, l 2 = 5 mm, l e = 6 mm, g e = 0.4 mm, d = 4.5 mm, l sm = w sm = 1.7 mm, l se = w se = 4 mm, d R = 6 mm, and R = 50 , for the out-of-phase design in Fig. 2 , l 1 = 4.8 mm, l 2 = 8.6 mm, l 3 = 5 mm, l 4 = 19.5 mm, l e = 5 mm, g e = 0.4 mm, l m = 8 mm, g m = 1.1 mm, d = 4.2 mm, l se = 4.4 mm, w se = 1.8 mm, d R = 7.6 mm, and R = 50 . The full-wave simulation is done by aid of CST microwave studio [29] . The measurement is conducted using the four-port Keysight N5230C vector network analyzer, where two pairs of the balanced ports are connected to the analyzer, the left pair of ports are connected with two 50 loads. Fig. 7 shows the photograph, simulated and measured differential-and common-mode results of the balanced filtering power divider with in-phase output, which occupies the effective size of about 35.5 mm × 22 mm (0.36 λ g × 0.22 λ g ). It can be found from Figs. 7(a) and 7(b) that the minimum differential-mode insertion loss is about 2.2 dB. The 3-dB bandwidth is from 1.77 to 1.89 GHz, which is equivalent to a fractional bandwidth of 6.6%. The isolation and the common-mode suppression are better than 17 dB and 28 dB at the center frequency, respectively. The upper out-of-band rejection above 20 dB ranges from 2.0 to 7.0 GHz, which is equivalent to a band of 2.7 f 0 . The common-mode suppression is relatively low at around 4.6 GHz (2.5 f 0 ) because the first even-mode resonant point of the H-shape resonator locates here. The phase difference between the two output ports is within 0 • ± 5 • in the passband as shown in Fig. 7(c) . Fig. 8 exhibits the photograph, simulated and measured responses of the balanced filtering power divider with outof-phase output, which occupies the effective size of about 33.5 mm × 21.2 mm (0.34 λ g × 0.22 λ g ). It can be found from Figs. 8(a) and 8(b) that the minimum differential-mode insertion loss is about 2 dB, and the 3-dB bandwidth is from 1.83 to 1.97 GHz, which is equivalent to a fractional bandwidth of 7.4%. The isolation and the common-mode suppression are better than 18 dB and 28 dB at the center frequency, respectively. The upper out-of-band rejection above 20 dB ranges from 2.1 to 6.5 GHz, which is equivalent to a band of 2.3 f 0 . The common-mode suppression is also relatively low at around 5 GHz (2.6 f 0 ). The phase difference between the two output ports is within 180 • ±8 • in the passband as shown in Fig. 8(c) .
The performance of the proposed balanced filtering power divider and previous designs are listed in Table 1 . It shows that the proposed designs have the characteristic of compact size as well as both in-phase and out-of-phase output. Moreover, the proposed balanced filtering power dividers exhibit wideband isolation and wideband out-of-band suppression.
IV. CONCLUSION
In this paper, by using four H-shape resonators formed in ring-type coupling topology and the phase feature of the filtering structure formed by the electric or magnetic coupling, the compact balanced filtering power dividers with in-phase or out-of-phase output are proposed. The functions of differential-mode power dividing, filtering response, isolation, and common-mode suppression are realized simultaneously. The advantages of compact size, and both inphase and out-of-phase output as well as wideband isolation and wideband out-of-band suppression are achieved when compared with the reported designs. Therefore, it is believed that the proposed balanced fusion designs can promote the development of the balanced microwave systems.
